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The  chemical nature  of the receptor  groups on the  surface  of microorgan- 
isms  susceptible  to lysis  by bacteriophages  has  never  been  fully established. 
The hypothesis that the sensitivity of certain bacteria to phages can be corre- 
lated with their thermostable agglutinogens is attractive,  and a  number of in- 
vestigators have presented evidence indicative of such a  relationship. The fact 
remains,  however, that  with but  a  single exception  (1),  no one has obtained 
from bacterial  cells a  well  defined  chemical fraction  the nature  of which has 
been unequivocally established  and  which has  the  capacity to combine with 
a  bacterial virus and block its action on the host cell. 
It was Hadley  (2)  who first  pointed  out  that  three  serologically related  micro- 
organisms,  B. pullorum, B. gallinarum, B. typhosus, are  all  sensitive  to  the  same 
bacteriophage. This observation was confirmed and extended by Burnet (3) who con- 
cluded that  Salmonella types possessing the same heat-stable agglutinogen as exists 
in B. enteriditis reacted  similarly  to a  series  of phages.  Transition  of the microor- 
ganism from S to R  was accompanied by changes in phage susceptibility,  which in 
turn were correlated with the presence or absence of the O antigen. In addition, it was 
pointed out that R  variants of different Salmonella types, all sharing a  common R 
antigen, were lysed by a phage developed on any one of the R  strains.  Similarly the 
phage  sensitivity  of smooth variants  of Flexner  dysentery  bacilli  appeared  to  be 
related to the presence of the type-specific somatic antigen, and those strains which 
were antigenically similar showed reactions toward a  series  of bacteriophages which 
were nearly identical  (4).  Because of these relationships,  it was suggested that  the 
constituent on the surface of the bacterial cell which specifically combines with phage 
is identical with the heat-stable agglutinogen and it was implied that the carbohydrate 
hapten component served as the virus receptor site.  Certain discrepancies, however, 
made it difficult to accept this hypothesis for it was possible  to obtain phage-resistant 
variants  which showed no serological change from the parent  cell,  and in addition 
rough variants were often observed to show variations in their phage patterns. These 
objections were ingeniously met by the suggestion that  slight  changes in antigenic 
structure could come about which are not detectable  by  the  usual  serological  tech- 
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niques (5), but only by sensitivity of the cell to phage, a concept not wholly compatible 
with our concepts of immunological specificity. By employing artificially compounded 
antigens containing saccharides of known chemical constitution it has been shown in 
this laboratory that even the subtlest of differences in the structure of carbohydrates 
can be readily detected by appropriate serological means (6). 
Levine and Frisch (7) were the first to show that extracts of certain microorganisms 
had the ability to inhibit the lytic action of bacteriophages.  On the basis of incomplete 
chemical evidence they concluded that the active principle present in these extracts 
was  carbohydrate in nature. Attempts to purify phage inhibitors prepared by ex- 
tracting microorganisms in one way or another have on the whole been unsuccessful 
(1).  In fact, one well characterized bacterial product, the somatic antigen of the 
Shiga bacillus prepared by Morgan (8), was found to be devoid of specific phage- 
inhibiting  activity (9). 
In rfsum6 one can conclude on the basis of excellent serological evidence that the 
phage  susceptibility  of  certain  Gram-negative microorganisms  can  be  intimately 
correlated with their thermostable antigens,  but the chemical work which has been 
presented gives no ground for the assumption  that these substances  function as the 
virus receptor sites of susceptible host cells. 
In recent years knowledge concerning the chemical nature of bacterial poly- 
saccharides and of the somatic antigens of the enteric group of microorganisms 
has been greatly advanced  (10). In addition, knowledge of bacterial viruses, 
their  classification,  morphology,  and  host  relationships  has  likewise  been 
greatly broadened. In particular, the so called T  series of bacteriophages and 
their relationship to the B strain of E. coli have been extensively studied (11). 
Recently a study of  two  strains  of Sh. sonnei, Phase I  and Phase II, has 
been made (12). These microorganisms are type-specific and show little or no 
serological crossing despite the fact that the Phase II bacinus arises from the 
Phase I  organism by spontaneous mutation. A detailed chemical investigation 
of the somatic antigens  of these two microorganisms has revealed that  they 
are chemically similar yet immunologicaUy distinct and specific. The purified 
antigens  have  been  isolated  in  an  electrophoretically pure  form  and  have 
been  characterized  as  lipocarbohydrate-protein complexes.  It  is  these  sub- 
stances  which  confer upon  the  parent  cell the  property of type specificity. 
Whether they are  concerned with  the  susceptibility of Sh.  sonnei to the T 
series of bacteriophages is not known, but this experimental material appears 
to provide an excellent opportunity to learn something of virus-host relation- 
ships. 
A study was undertaken therefore to determine first, whether differences in 
the phage resistance patterns  of Phase I  and II Sh.  sonnei could be estab- 
lished, and if so, whether such differences had any relationship to the somatic 
antigens of these two microorganisms. The results of these investigations are 
presented in the following account. E. M. MILLER  AND  W.  ]~. GOEBEL  257 
EXPERIMENTAL 
Methods and Materials 
Strains of Mixroarganisms.--The two type-specific strains of Sh. sonnd (Phase I  and IIa) 
used were obtained from the United States Army Medical School. They had the morphological 
and serological characteristics previously described (12). The Phase II. Sh. sonnd, for sake 
of brevity, will be referred to in this communication as Phase II. The strain B of E. coli which 
has been used by many investigators for much of the work with the T series of bacteriophages 
was secured from Dr. Mark Adams of the Department of Microbiology of New York Uni- 
versity. 
Media.--The media employed were :-- 
(a)  Nutrient broth prepared by dissolving 8 gm.  of desiccated Difco nutrient broth and 
5 gm. of sodium chloride in a liter of distilled water. 
(b)  1.5 and 0.8 per cent nutrient agar were obtained by adding the appropriate amount 
of Bacto agar to the above medium. 
(c)  F medium prepared as described by Schiesinger (13). 
(d)  S  medium.--This  is a  synthetic medium which maintains the growth of dysentery 
bacilli. It was prepared essentially according to the directions of Dorfman and Koser (14), 
as follows:-- 
(NH4)2HPO~ .......................................................  2.0 gin. 
KH~PO4 ...........................................................  1.5 " 
NaC1 ..............................................................  5.0 " 
MgSO~. 7H20 .......................................................  0.1 " 
Distilled water .....................................................  1 liter 
This solution was autoclaved and to it was added 10.0 ml. of a  solution containing 2.5 gin. 
of glucose and 0.05 mg. of nicotinic acid sterilized by filtration. 
Bacteriophages.--The  bacteriophages employed were  the well known T  series and were 
kindly supplied by Dr. Mark Adams. Stocks of T, and TT were prepared in broth using E. coli 
B as the host cell. "1"1, T~, '1"6, and Ta were prepared in a similar manner in "F" medium. Two 
separate stocks of T~ virus were prepared.  The first, a  tryptophane-requiring variant, was 
obtained essentially by the technique of Delbrtick (15)  and has been designated as T~ tr. A 
second stock,  designated as T4 and which did not require tryptophane as a  cofactor was 
prepared as follows:-- 
A  non-tryptophane-requiring T4  virus obtained  from  Dr.  Adams and produced  on  E. 
¢oU in "F" medium, was plated on S medium using Phase II Sh. sound as host. A single plaque 
was picked and used to infect a  culture of the Phase II organism in S medium. The lysate 
was filtered and assayed.  The method of bacteriophage assay used throughout the experi- 
mental work was that described by Hershey (16). 
Somatic Antigens of Phase I  and II Sh. sonnei.--HJghiy purified preparations of these two 
substances (12) were kindly supplied by Dr. Edgar E. Baker of the Rockefeller Institute. 
Susceptibility  of Phase I  and H  Sh. sonnei to the T Series of Bacteriophages 
It has been suggested that the receptor for the adsorption of bacterial vi- 
ruses to the surface of certain microorganisms is  identical with the  thermo- 
stable agglutinogen (3, 4). If this is true then the Phase I  and II Sh. sonnei, 
which elaborate different type-specific somatic antigens, should differ in their 
susceptibility to the T  series of bacteriophages. The sensitivity of these micro- 
organisms was therefore determined as follows:-- 258  STUDIES  ON  BACTERIOPHAGE.  I 
A high concentration of phage, 0.05 ml. of stock containing about 109 particles per ml., 
was spread on the surface of a nutrient agar plate in the presence of the test organism, in- 
cubated overnight at 370C., and examined the following  morning. If the organism was sensitive 
there was complete lysis except for a few resistant  mutants. If the organism was resistant 
it showed no lysis. The results are recorded in Table I. 
It can be seen that the Phase I  organism was lysed only by the T2 and Te 
viruses and was resistant to the remaining phages. The Phase II bacillus, on 
the other hand, was lysed by all the phages save T1 and Ts. Thus, it is appar- 
ent that Phase I  and II Sh. sonnei are not identical in their sensitivity to the 
bacteriophages. It will be shown that these differences can in some, but not all, 
instances be correlated with the type-specific somatic antigens. 
TABLE I 


























L -  lysis by the phage. R  =  resistant to the phage. M --- mutants present. 
*  -- a great many mutants were produced. 
Inhibition of the Adsorption of Bacteriophage by the Somatic Antigens 
of Phase I  and II Sh. sonnei 
If the somatic antigen is the receptor for bacterial viruses it should be pos- 
sible to inhibit or block adsorption of phage on the susceptible host cell with 
solutions of these type-specific lipocarbohydrate-protein complexes in the fol- 
lowing manner  :-- 
A sterile solution of antigen containing 2 rag. per nil. was prepared by wetting a weighed 
sample with 0.5 nil. of 70 per cent alcohol. After a few minutes the appropriate quantity of 
sterile 0.1 ~ phosphate buffer at pH 7.0 was added. Dilutions of the antigen stock were made 
in the particular medium selected. The virus to be tested was diluted in the same medium so 
that 1 ml. contained roughly 4 X  108 particles. Mixtures of 1 ml. of virus dilution and 1 ml. 
of each antigen dilution were made and incubated at 37°C. overnight. 0.1 ml. of mixture was 
then plated on nutrient agar after the addition of 0.3 ml. of a suspension of the bacterial cell 
under investigation. The plates were incubated at 37°C. overnight and plaque counts were 
made the following morning. The inhibitory action of the two somatic antigens was tested 
on all the phages to which the Phase I and II Sh. sonnei were susceptible. The experimental 
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It can be seen that lysis of the Phase I  organism by the T2 and T6 viruses 
was  not  inhibited by the  homologous  somatic antigen,  nor  was  lysis of the 
Phase II organism by these viruses specifically inhibited by the  Phase 1-[ so- 
TABLE II 











Final concentration of 
antigen in virus-antigen 
mixture* 
1  0.1  0,01  0.001 
mg.  mg.  mg.  mg. 
T2  0  0  0  0  Nutrient broth  Ts  0  0  0  0 
T2  0  0  0  0 
F~  Te  0  0  0  0 
Nutrient broth 
T2  0  0  0  0 
T~  100  99  65  11 
TRr  97  99  99  91 
T6  0  0  0  0 
T7  99  98  94  79 
T~  0  0  0  0 
Ta  95  0  0  0 
T~  100  98  85  63 
T~tr  33  0  0  0 
T6  0  0  0  0 
T7  56  0  0  0 
F  q- 0.2 rag.  T,  100  100  100  83 
l-tryptophane  Tjr  97  98  94  22 
S§  "1"4  99  99  96  69 
S q- 0.2 rag.  T.tr  99  99  83  7 
l-tryptophane 
* In this and in subsequent tables the figures represent per cent of virus inactivated. 
:~ Dilutions were made in F medium, platings were made on nutrient agar. 
§ Dilutions were made in S medium, plating on S agar. 
matic antigen. In contrast the Ts, T4 tr, and T7 viruses, in the presence of nutri- 
ent broth, were inhibited by the Phase II somatic antigen, for when the sus- 
ceptible host  cell was  added  to  the  virus-antigen mixtures  and  then  plated, 
there was no  formation of plaques.  The  latter viruses were  in each  instance 
bound by the Phase II antigen; their activity was blocked by concentrations 
of the lipocarbohydrate-protein as low as 10 micrograms per ml. and even with 260  STUDIES  ON  BACTERIOPHAGE.  I 
concentrations as low  as  1 microgram  per ml. there was  considerable  viral 
inhibition. The latter did not take place, however, if virus and antigen were 
incubated in a  synthetic medium. Combination apparently occurred  only in 
the presence of appropriate cofactors supplied by the nutrient broth. One ex- 
ception,  however, was the T4 virus, a non-tryptophane-requiring stock which 
was inactivated, as one might expect, in a synthetic medium devoid of trypto- 
phane. Inhibition of lysis of Phase II Sh. sonnei by the T3, T4 tr, and T~ viruses 
was specific and was affected only by the homologous Phase II antigen and 
not by the Phase I antigen, as is evident from the results presented in Table 
III. The significance of these observations  will be discussed below. 
TABLE III 
Spec$ficity of Inaaivation of Ts, T4, and  T7 Bacteriophages by the Somatic Antigens of 











Final concentration of antigen in 
virus-antigen mixture 
1 rag.  0.1 rag.  0.01 nag. 0.001 nag. 
Phase I  T8 
T~tr 
T7 
100  99  65  11 
97  99  97  88 
99  98  94  79 
0  0  0  0 
0  0  0  0 
0  0  0  0 
* T4tr--This stock of virus was prepared in F medium containing l-tryptophaue and using 
g. coli B as host cell. 
Rate of Inhibition of Ts, T~, and T7 by the Somatic Antigen of Phase H  Sk. sonnei 
The fact that three of the viruses,  T3, T4, and TT, were inhibited by the 
somatic antigen of Phase II Sk. sonnei would indicate that chemical combina- 
tion between virus and antigen had taken place. It seemed of interest there- 
fore to determine the rate of formation of the virus-antigen complex as meas- 
ured by viral inhibition. 
To a standard dilution in S medium of the non-tryptophane-requiring phage "1"4 containing 
approximately 5 X  l0  s virus particles per ml. was added an equal volume of a solution of the 
Phase II somatic antigen, in S  medium, containing 200 micrograms per ml. The mixture 
was maintained at 37°C. 0.1 ml. was removed at varying time intervals and assayed by the 
poured plate technique, using the Phase II organism as host cell. The plaques were counted 
following 18 hours incubation at 37°C. 
It is apparent from the results presented in Table IV that at the high con- 
centration of inhibitor used (100 micrograms  per ml.)  combination between 
virus and antigen occurred  very rapidly. Some 94 per cent of the virus was E.  M.  MILLER  AND  W.  1~.  GOEBEL  261 
inhibited  at zero time as can be seen in Table IV. There was no marked  in- 
crease of inactivation following further incubation of virus and antigen.  The 
rate of inactivation  of T3 and T7 was also studied,  but  in these instances  it 
was necessary to use broth as the diluent, since both viruses require a cofactor. 
It can be seen that  in  both cases inactivation  was slower than with  the T4 
virus. Whether this difference in rate is due to the fact that in the latter instance 
it was possible to carry out the reaction in a synthetic medium, is not known. 
In order to determine with precision the velocity constant of the inactivation 
of the three phages by the somatic antigen, it would of course be necessary to 
use far smaller quantities of the latter. 
Activity of Phase II Somatic Antigen after Enzymatic Degradation 
The ability of the Phase II antigen to inhibit the various T  phages may be 
an attribute of the intact complex, or attributable to one of its constituents. 
TABLE IV 
Rate of Inaaivaion of Ts, I'4, and 2"7 Bacteriophages by the Somatic Antigen of 





Hours incubation of phage inhibitor mixture prior to plating 
0  0.5  1  2  4  6 
--  --  73  82  80  87 
94  97  97  98  99 
--  --  80  93  99  99 
T8 and T7 were diluted in nutrient broth and plated on nutrient agar. 
T4 was diluted in S medium and plated on S agar. 
Chemical degradation of the complex into its protein, lipid, and carbohydrate 
components can be effected only by fairly drastic procedures. After it was ob- 
served that the mere heating of a  solution of the antigen at  100°C.  in 0.1  ~r 
phosphate buffer at pH 7.0 for 40 minutes sufficed to destroy some 90 per cent 
of its phage-inhibiting activity, it was thought  that heating at  100°C.  for 4 
hours in 1 per cent acetic acid, the standard procedure for complete dissocia- 
tion  of the  complex, could yield only  degraded  and  inactive  end  products. 
This proved indeed  to be the case. It was possible, however, to degrade  the 
lipocarbohydrate-protein complex by a less drastic procedure; namely, through 
enzymatic  degradation  of  the  protein  component  by  means  of  proteolytic 
enzymes. For this purpose pancreatin was selected because it contains a  vari- 
ety of proteolytic enzymes including polypeptidases. 
0.15 gin. of the Phase II somatic antigen was dissolved in 15 ml. of 0.1 M  phosphate buffer 
at pH 7.8 and 10 rag. of Parke Davis pancreatin was added. The solution was placed in a 
cellophane bag together with 1 ml. of toluene, and dialyzed at 37°C. for 3 days against suc- 262  STUDIES ON BACTERIOPHAGE.  I 
cessivc changes of the same buffer. After adjusting the pH to 5.0 with !  N acetic acid  the 
solution was deproteinixed by shaking five times with a  chloroform-octyl alcohol mixture. 
After thorough dialysis against successive changes of distilled water, the deproteinized solution 
was concentrated by pervaporation,  and  the material  isolated by drying from the frozen 
state, 0.1 gin. was recovered. 
This material, which gave none of the common protein reactions, still con- 
tained the native carbohydrate hapten bound to phospholipid.  A  1 per cent 
solution of this substance gave neither a ninhydrin nor a biuret test and failed 
to show absorption typical of the protein component of the parent  antigen 
when examined spectroscopically in the ultraviolet. A quantitative photomet- 
ric  determination  (17) of  its  specific  serological  activity revealed  that  the 
substance had an activity, on the basis of dry weight, somewhat greater than 
that of the undegraded antigen. When tested for its ability to inhibit the ac- 
tivity of the T4 phage on Phase II Sh. sonnet, it was found that this substance 
was still capable of inhibiting  the bacteriophage. A quantitative  comparison 
of the  phage-inhibiting  ability of  the  native  and  of the  enzymatically de- 
graded antigen showed no striking differences. Thus, it would appear that the 
component  of  the  Phase  II  somatic  antigen  responsible  for  inhibiting  the 
action of the phages in question is probably the carbohydrate hapten. 
DISCUSSION 
The experimental evidence obtained during the course of this investigation 
lends support to the concept that  there is a  relationship  between the phage 
sensitivity  of smooth  variants  of  Gram-negative  bacilli  and  their  somatic 
antigens. The fact that we have at hand the type-specific antigens of two micro- 
organisms  of the same species,  and  that  well characterized  bacterial viruses 
are likewise available, has made it possible to put to test both the validity of 
this hypothesis, and within certain limits,  its scope as well. 
It will be recaUed that Sh. sonne~ Phase II was lysed not only by the T2 and 
Te bacteriophages, but by the  T3, T4, and  T7 viruses as well. The Phase I 
bacillus,  on the other hand,  was sensitive only to T~ and T0. It was shown, 
furthermore, that lysis of Phase II bacilli by the T3, T4, and T7 viruses could 
be readily inhibited by the homologous  Phase II somatic antigen,  but not by 
the heterologous.  In neither instance,  however, could lysis of the Phase I  and 
II  microorganisms  by the  T~ and  T6 viruses be inhibited  by either  of the 
homologous bacterial antigens. This sharp demarcation in behavior of the T3, 
T4, and T~ viruses as opposed to the T2 and  T6 phages suggests that the re- 
ceptor substance for the two groups of viruses is different. 
In the case of Phase II Sh. sonnei it would appear, from the evidence pre- 
sented,  that  the receptor substance at the surface of the bacterial cell with 
which the T3, T4, T4 tr, and Tv viruses combine prior to lysis is the type-spe- 
cific  lipocarbohydrate-protein  complex.  It  is  not  this  substance,  however, E.  M.  MILLER  AND  W.  F.  GOE]BEL  263 
which serves a similar function for the T2 and T6 viruses, for their lytic action 
on the Phase II bacillus is not inhibited by the somatic antigen. Nor is their 
ability to combine with and cause lysis of Phase I  bacilli inhibited by the 
Phase I  antigen. It becomes necessary therefore to assume that the T~ and T6 
viruses combine with Phase I  and Phase II Stt. sonnei by virtue of substances 
other than their respective lipocarbohydrate-protein antigens. The chemical 
nature of this receptor is as yet obscure. In this respect the two groups of bac- 
terial viruses, T~ and Ts on the one hand, the T3, T~, and T7 on the other, ex, 
hibit differences in tropism analogous to those shown by certain animal viruses. 
Such a concept entails the assumption that the cell surfaces of bacteria possess 
mosaics of well defined chemical components each exhibiting specific affinities 
for the virus in question. When mutation occurs the genetic constitution of 
the bacterial cell is altered so that the factors involved in the synthesis of one 
or more of the antigens comprising the cell surface mosaic are also changed. It 
may well be that these changes can in some instances be so subtle as to be de- 
tected only by phage susceptibility as suggested by Burner. It appears to us, 
however, that a  thorough study of antigens actually isolated from such mu- 
tants should reveal not only differences in their chemical structure which can 
be  correlated  with  changes  in  phage  susceptibility, but  that  differences in 
the  immunological specificities of the antigens of mutants and parent cells 
may likewise reveal themselves. 
In a  communication presented by Maurer and Woolley (18)  it was shown 
that the addition of citrus pectin to a medium which supported the growth of 
E.  coli  protected  the  microorganism  against  the  bacteriophage  T~.  It  was 
pointed out, furthermore, that the same phenomenon could be observed when 
gelatin or an enzymatic degradation product of this substance was employed. 
The amount of citrus pectin necessary to protect the bacterial cells was large, 
the lowest effective concentration being 10 rag. per ml. An analysis of these 
observations revealed, however, that the bacterial virus was neither inhibited 
by the citrus polysaccharide to the extent that it failed to be absorbed by the 
host cell, nor did it even inhibit the multiplication of the virus. The carbohy- 
drate did, however, inhibit lysis of the infected cells and allowed them to grow 
and multiply in the presence of the phage. In this connection it is of interest 
that  Price  (19),  working with Staphylococcus  rauscae  and  another strain  of 
phage, has shown that in a synthetic medium containing casein hydrolysate the 
release of virus following a very low multiple infection is not correlated with 
observable cellular lysis. 
It is difficult to conceive of the phenomenon described above as being com- 
parable to that presented in this communication. In the instances described 
here, the inactivation of a given virus in respect to its host cell is accomplished 
by exceedingly minute amounts of polysaccharide or of a polysaccharide-con- 
taining antigen,  one  microgram  or  less,  and  it  must  have  the  appropriate 264  STUDIES  ON  BACTERIOPHAGE.  I 
chemical structure.  Not  only is  this  inhibition phenomenon highly specific, 
but it is dependent upon the nature of the receptor as well. 
In conclusion, it should be emphasized that when the inhibition experiments 
described  in  this  communication were  performed  in  synthetic media,  they 
were  unsuccessful except  in  the  case  of  the  non-tryptophane-requiring  "1"4 
virus.  With  the  other  viruses  employed it  was necessary to  have  essential 
cofactors present in order that the virus-antigen complex could be consum- 
mated (20). 
Finally, the writers wish to express their gratitude both to Dr. Mark Adams and to Dr. 
Frank HorsfaU.  Their counsel  has been stimulating  indeed. 
SUM'MARY 
Phase I and Phase II Sh. sonnei exhibit differences in their susceptibility to 
the T  series of bacteriophages. Both microorganisms are lysed by T~ and Te, 
but only the Phase II bacillus is lysed by T3, 3?4, and Tr. 
Lysis of the Phase I  or Phase II bacillus by T~ or T6 is not inhibited by the 
homologous type-specific antigen. In the presence of an appropriate cofactor, 
however, the lysis of Phase II Sh. sonnei  by T~, 2"4, and T7 is specifically in- 
hibited by the homologous somatic antigen but not by the Phase I antigen. 
The significance of these observations is discussed in respect to the nature 
of the virus receptor of these microorganisms. 
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